Abstract: In models of freeze-in the dark matter (DM) is decoupled from the visible sector and initially has a depleted number density. The hidden and visible sectors are connected only via a feeble portal interaction by which DM can be produced. Asymmetric freezein (AFI) combines this scenario with ideas from asymmetric DM and provides a potential cogenesis mechanism. However, it has been argued that existing AFI models do not produce suitably large particle asymmetries due to cancellations which arises because the mediator state remains in thermal equilibrium. We examine AFI via an out-of-equilibrium mediator and using a simple scalar model show that in this case sizeable asymmetries may be generated.
Introduction
Asymmetric dark matter (ADM), see e.g. [1] [2] [3] [4] , provides an interesting alternative to the traditional WIMP scenario. In these models the DM carries a conserved quantum number X and its relic density is determined by an asymmetry between the DM and its antiparticle in direct analogy to the mechanism which sets the present day density of baryons. Moreover, if one supposes that the DM and visible sector are connected through portal operators which violate B, L and X but conserve some linear combination, e.g. B − L + X, then the observed coincidence Ω DM ≈ 5Ω B may be explained by linking the asymmetries in the hidden and visible sectors, provided that m DM ∼ m proton . This is in stark contrast to conventional DM scenarios, in which the relic abundances of DM and baryons are set by distinct mechanisms. The focus of this paper is a distinct class of ADM models: Asymmetric Freeze-in (AFI) [2] .
In models of DM freeze-in [5, 6] it is generally assumed that the hidden and visible sectors are both separately in thermal equilibrium at different temperatures, with the hidden sector being cooler. Correspondingly, the DM states χ initially have a depleted number density relative to the visible sector states. The temperature difference between the sectors drives intersector energy exchange via some portal operator and the number density of χ moves towards equilibrium, or 'freezes-in'. In AFI it is proposed that particle asymmetries may be generated during the freeze-in production of DM. The dominant production of χ typically occurs once the temperature drops below the mass of the mediator state. The portal operator must be sufficiently feeble so that the sectors do not equilibrate in order for the freeze-in production to set the relic density, otherwise it will simply be determined by usual freeze-out. For freeze-in via two-body decays and scattering the coupling should be 10 −7 [2] .
If the χ states carry an (approximately) conserved quantum number, analogous to baryon number, and the processes which produce χ and χ feature a CP-violating phase, then an asymmetry can, in principle, be generated in both the hidden and visible sectors (cogenesis) during freeze-in [2] . In order to satisfy the requirement that the relic density is set primarily by the asymmetry it is essential that the χχ pairs efficiently annihilate leaving only the small residual amount of χ states due to the particle asymmetry, see e.g. [3] . Annihilation of the symmetric component directly to the visible sector requires relatively large intersector couplings which would lead to sector equilibration. Therefore the removal of the symmetric component of the DM typically requires additional light states in the hidden sector into which the DM can annihilate, and relatively strong interactions between states in the hidden sector.
Whilst it might be expected that simple models of AFI can lead to successful cogenesis, a full analysis of the Boltzmann equations reveals that unforeseen cancellations occur in the minimal model [7] which results in the asymmetry generation being greatly suppressed. Subsequently, it was suggested that if the mediator involved in the CP-violating process is in thermal equilibrium then generally asymmetries can not be generated [8] . Drawing on this result, here we consider the scalar AFI model studied in [2, 7] and examine the case in which the mediator state is out-of-equilibrium. We restrict our attention to this simple scalar model for clarity and to allow for easy comparison; it is expected that this model should exhibit the main features of the AFI mechanism. It should be straightforward to replace the scalar bath states with Standard Model fermions, as this generally leads to only small deviations in the Boltzmann equations which can be typically neglected. A comprehensive analysis, including thermal effects and fermions, is left for future work.
The paper is structured as follows: In Sect. 2 we study explicitly the Boltzmann equations for the scalar AFI model examined in [2, 7] , but where the mediator is out-of-equilibrium with the other states. Subsequently, in Sect. 3, we derive the Boltzmann equation for the asymmetry and calculate the asymmetric yield. Further, we highlight how the efficiency of the freeze-in mechanism depends on the temperature difference between sectors and argue that washout effects can be negligible for this class of models. The main result we derive is the asymmetric yield for the case that the visible sector, mediator, and DM each have different temperatures. In Sect. 4 we analyse the form of the asymmetric yield and argue that if the mediator is out-of-equilibrium, then sizeable asymmetries of comparable magnitude to the baryon asymmetry can be generated. Further, we show that the asymmetry vanishes at leading order if the mediator is brought into equilibrium with the visible sector, in agreement with [7, 8] . A summary of results and potential directions for further work are given in Sect. 5.
Boltzmann equations for Asymmetric Freeze-in
Suppose that the visible sector thermal bath at temperature T is composed of the following states B b , B 2 , B 3 . We take B 2 and B 3 to be real scalar fields, whilst B b is a complex scalar which carries a conserved quantum number. The state B b is to be identified with a visible sector state carrying L or B (e.g. a lepton or quark). In addition, we introduce a complex scalar χ, also carrying the conserved quantum number, which plays the role of the DM, and a mediator state φ which is a real scalar. The χ (φ) are in thermal equilibrium at temperature T χ (T φ ), but are out-of-equilibrium with the visible sector thermal bath T φ , T χ = T , and connected to the visible sector only via feeble interactions. The relevant aspects of the model we shall consider are described by the following Lagrangian (details of the construction are given in Appendix A.1)
where we omit terms which will not effect the Boltzmann equations. The full Lagrangian has a global U(1) symmetry associated with the conserved charge of B b and χ.
Boltzmann equation for χ
The Boltzmann equations provide a semi-classical approach for modelling the evolution of number densities of particle species in cosmology and have been used extensively in the study of baryogenesis and leptogenesis (see e.g. [9] [10] [11] ). In this section we study explicitly the Boltzmann equations which describe the change in the number densities n χ , n χ of the DM states χ, χ, with the aim of depicting the evolution of the asymmetry n χ − n χ in Sect. 3. The Boltzmann equation for χ is given bẏ
where we adopt the compact notation 3) and for conciseness we refer to the bath states by their subscripts. The first line of eq. (2.2) accounts for χ number changing decays and the back-reaction, while the terms which follow describe 2 → 2 processes. The inclusion of on-shell 2 → 2 processes results in a doublecounting problem, a standard solution to which is to perform a real intermediate state (RIS) subtraction [10] . The RIS subtraction is accounted for in the term R χ and is given by: 4) where the subscript RIS indicates that the propagator is on-shell, henceforth we will omit this subscript when there is no ambiguity. Note that the right-side of eq. (2.2) also giveṡ n b + 3Hn b , the evolution of the b number density.
As the states are in sector-wise equilibrium they are described, neglecting statistical factors, by Maxwell-Boltzmann distributions Figure 1 . Interference between the above diagrams gives rise to CP-violation.
The complex scalars may have chemical potentials µ φ , µ χ , and thus their distributions are of the form
The distributions for the corresponding antiparticle states are identical except with opposing chemical potentials (µ → −µ).
Real intermediate state subtraction
First we consider the interplay between the decays and the RIS subtraction, leaving aside the scattering terms, and we denote this subset of terms
The most elegant way to proceed is to use the following relation (derived in Appendix A.2) 8) from which it follows that
Interference between diagrams which contribute towards the process φ → bχ (and φ → bχ), as shown in Fig. 1 , leads to CP-violation. This can be parameterised as follows 10) where quantifies the CP asymmetry of the interactions. The equality between matrix elements is due to unitarity and CPT (see e.g. [10, 11] ). The matrix elements involving only bath states are of the form |M | 2 φ↔23 = λ 2 . The form of the CP-violation is given by 11) where the factor I involves the kinematics of the loop. The forms of and Re(I) are derived in Appendix A.3. Let us also parameterise the CP-violation in the decay widths as follows 12) in terms of Γ 0 , the tree-level partial width:
We can use the principle of detailed balance (see e.g. [10, 11] ) to rewrite the phase space functions in the form:
. Moreover, we can express the product of the out-of-equilibrium states in the following manner 
where we have introduced the quantity α i ≡ T i
T . In the case α χ = 1, the hidden sector containing χ and the visible sector are in equilibrium, and α χ = 0 corresponds to the temperature of the hidden sector being zero. Assuming that the change in the temperature difference between the two sectors is slow, we may reasonably take α to be constant in our calculations.
Using eq. (2.12) & (2.13) we re-express D χ in the following form
14)
where we have defined
Thus to leading order in the CP-violating parameter
The equivalent expression for χ, denoted D χ , is given by eq. (2.16) with → − and F ± → F ∓ .
Scattering contributions
The contribution to the Boltzmann equation from the scattering terms, which we denote S χ , is given by
where we retain the statistical factors (1 ± f i ). Following [7] , this expression can be simplified using the finite density unitarity relationship [7, 12] (2.18) to obtain
Then using the following relationships for systems in (sector-wise) thermal equilibrium [7, 10] 2.20) this reduces further to
Thus, by energy conservation (E 2 + E 3 ) − (E b + E χ ) = 0, the scattering contribution vanishes at zeroth order in ∆, and similarly for S χ .
The asymmetric yield
To study the evolution of the asymmetry we examine the difference between the Boltzmann equations for χ and χṅ
We shall derive an explicit expression for the asymmetry to zeroth order in ∆, which contains the chemical potentials. Following this we discuss the washout terms which arise at O(∆).
First we note that since the scattering contributions vanish at zeroth order in ∆, the Boltzmann equation for the asymmetry iṡ
The difference between eq. (2.16) and the equivalent expression for χ gives
where we have used that Γ = Γ φ23 + Γ 0 . Using the principle of detailed balance this can be re-written to zeroth order in ∆ as followṡ (where S is the entropy density) to zeroth order in ∆
5) where
Further, if we define the deviation from equilibrium δ i ≡ (1 − α i ), and expand to first order in δ χ and δ φ , eq. (3.5) reduces to
This is our main technical result. From inspection of eq. (3.7), it can be seen how the temperature difference between the sectors, parameterised by δ i , effects the efficiency of the freeze-in mechanism. In Sect. 4 we shall take certain limits for the δ i corresponding to various cases of interest.
Washout
Thus far we have neglected any washout terms these arise from O(∆) corrections. Specifically, if we examine the difference of the scattering terms S χ − S χ , cf. eq. (2.21), at leading order in ∆, it is seen that these give a negative 'washout' contribution, which acts to remove any asymmetry
Neglecting statistical factors, working to first order in ∆ and zeroth order in the above expression can be related to the thermally averaged scattering cross section for
From inspection of eq. (3.3), the leading washout terms from D χ − D χ only arise at O(∆ 2 ). The quantity ∆ can be related to the asymmetric yield [11] ∆ 10) where Y γ ≡ nγ S 0.14. It follows from eq. (3.9) & (3.10) that the Boltzmann equation for the total asymmetry to O(∆), as given in eq. (3.2), can be expressed as 11) where S = 2π 2 g S * T 3 45 is the entropy density, H = Since σv bχ→23 ∝ |M | bχ→23 the washout processes are proportional to (λ 2 λ 2 )Y χ−χ . Therefore washout is significantly suppressed relative to the asymmetry generation and should be generally negligible in this class of models. We can check this statement by solving eq. (3.11), following [4] 
The argument of the exponential is the washout rate Γ WO normalised to the Hubble rate
For Γ WO /H < 1 the washout switches-off and the exponential factor in eq. (3.12) can be neglected. To obtain an estimate for the washout rate we take σv bχ→23 ∼ λ 2 λ 2 /8πm 2 X and use Y eq b Y eq χ 0.5/g S * 7 × 10 −3 [11] for complex scalar fields (valid in the regime x 3)
Dominant freeze-in production typically occurs around x ∼ 2 − 5 [5] and, as typically Γ WO /H 1, the washout processes can be generally neglected in this class of models. Therefore the asymmetric yield to zeroth order in ∆, as given in eq. (3.7), provides a good approximation. The washout is negligible due on the fact that all processes which change n χ−χ involve the feeble intersector couplings.
Discussion
The asymmetric yield, eq. (3.7), in the limit m χ m φ is of the form
In this section we examine the implications of this result. Firstly we shall confirm that if the mediator is brought into equilibrium, then the yield is significantly suppressed. Subsequently, we shall look to identify regimes in which asymmetries of similar magnitude to the observed baryon asymmetry can be generated. Finally, we consider a variant on the original formulation in which the DM hidden sector containing χ is in equilibrium with the visible sector and show that in this case the out-of-equilibrium mediator can still lead to an asymmetry being generated.
Mediator in equilibrium
Let us first examine the asymmetric yield for the original scenario of AFI [2] . Suppose that φ is in contact with the thermal bath due to an O(1) coupling λ which dresses the interaction φB 2 B 3 , whereas the DM χ is thermally decoupled with λ, λ 10 −7 . This implies that the total width of φ is dominated by decays to the bath states Γ ∼ λ 2 ∼ O(1). Moreover, the partial rate φ → bχ is parametrically
As φ is in thermal contact with the visible sector, T φ = T . By inspection of eq. (4.1) with δ φ = 0, it follows that the asymmetric yield is O(λ 4 ) in the feeble coupling 1 λ 10 −7 , and thus highly suppressed (in agreement with [7] ). Also, compared to the symmetric yield the asymmetry is significantly reduced in this scenario
Moreover, Y χ−χ is substanically smaller than the observed value of the asymmetry between baryons and anti-baryons Y B−B 0.86 × 10 −10 , being of order
We conclude that this minimal scenario can not produce sizeable asymmetries.
Out-of-equilibrium mediator
We next consider the scenario with T φ , T χ = T . As remarked earlier, it has been argued that the root cause of the suppressed asymmetry in the case T φ = T can be traced to the fact that the mediator remains in thermal equilibrium [8] . Henceforth we examine the case in which the mediator is out-of-equilibrium with the visible sector, which necessarily implies that the couplings λ, λ , λ 10 −7 . Thus we consider the asymmetric yield eq. (4.1) with δ φ = 0. Observe that for δχ, δφ, Γ 0 /Γ ∼ 1 the asymmetry is suppressed relative to the symmetric yield only by the size of the CP-violation parameter 5) and thus is enhanced compared to the previous case, cf. eq. (4.4) . In this model all of the couplings involved in the freeze-in process are feeble, as a result the size of the CP-violation is generally smaller than in the original AFI scenario, comparing with eq. (2.11)
Provided that washout is small (as we have argued previously), this can still potentially provide an asymmetry comparable to the observed asymmetry in baryon number. Inspecting eq. (4.1), note that the contributions proportional to δ χ and δ φ oppose each other, and thus to generate a substantial particle asymmetry it is desirable for one of these terms to dominate the asymmetric yield. Let us start by examining the case that the first term gives the leading contribution to the asymmetric yield, i.e. we consider the limit δ φ ∼ 0. This scenario is much like that studied in the previous section, except in this scenario it is expected that Γ 0 /Γ ∼ 1 and thus
We observe that in this case, even though the CP-violating coupling is small, sufficiently large asymmetries can in principle be generated. Moreover, provided that the only washout processes are due to these intersector interactions, the washout will be highly suppressed and this asymmetry can likely be retained. Thus in realistic models of AFI, it is important that this asymmetry is only frozen-in well after washout effects associated to electroweak symmetry breaking have frozen-out. This will likely be the case if the particle masses are all around the GeV scale.
Freezing-in an asymmetry
Finally, we consider the other limit of eq. (4.1), in which the term proportional to δ φ dominates, as is the case if 1 2 (4.8) Note that this is realised if the mediator is in thermal equilibrium with the hidden sector, δ φ = δ χ . Comparing with eq. (4.1), in this scenario the asymmetry is reversed, leading to an excess in n χ over n χ for > 0. However, the sign of is not fixed, it depends on the phase of λλ * , and one can always choose to redefine the CP parameter → − in eq. (2.11) . More importantly, the magnitude of the asymmetry is (4.9) In particular note that this term is O(λ 2 ) and does not feature any factors of partial widths. An asymmetry is generated of a similar magnitude to eq. (4.7)
Finally, a limit of particular interest is the case that T χ = T and T φ = T . This implies that the hidden sector containing the DM χ and the visible sector are maintained at the same temperature (this may be because of additional interactions which do not alter the asymmetries or due to similar thermal evolutions after decoupling). As δ χ = 0 the asymmetric yield is given by eq. (4.9) . Asymmetries in χ and B b can still be generated with χ in equilibrium with the bath, provided that the mediator is out-of-equilibrium δ φ = 0. In this scenario the DM is not frozen-in, but an asymmetry is. The interpretation is that the state φ freezes-in, but subsequently decays in a manner such that it generates a particle-antiparticle asymmetry. This is an interesting and, as we see in eq. (4.10) , viable alternative to the conventional AFI picture.
Concluding remarks
AFI presents an alternate framework in which to understand the DM relic density and might allow an explanation of the cosmological coincidence Ω DM ≈ 5Ω B . It has been previously suggested [7, 8] that sizeable asymmetries can not be generated in AFI if the mediator is part of the visible sector thermal bath, thus here we have considered the scenario in which the mediator is out-of-equilibrium. From a careful analysis of the Boltzmann equations, we derived an expression for the asymmetric yield in this case, eq. (3.7), and investigated how the difference in temperature of the mediator and the DM from the visible sector effects the magnitude of the asymmetry. Furthermore, in Sect. 3.2 we argued that if the washout only occurs due to intersector processes, then it is substantially suppressed and can typically be neglected. In Sect. 4 we showed that if the mediator is out-of-equilibrium with the thermal bath then the AFI mechanism can potentially give suitably large particle asymmetries, comparable to that observed in baryons Y B−B ∼ 10 −10 . We also highlighted an interesting variant of the AFI paradigm in which the DM remains in thermal equilibrium with the bath, however an asymmetry is generated through the production (via freeze-in), and subsequent CP-violating decays, of an out-of-equilibrium state.
For clarity and to allow comparison with the earlier analyses of [2, 7] , we have restricted our attention to a simplified scalar model of AFI. In order for the asymmetry to determine the relic density it is important that the symmetric component Y χ+χ , which is generally larger than the asymmetry by a factor of 1/ , annihilates efficiently. Here we have only detailed the parts of the model relevant to the generation of particle asymmetries, cf. eq. (2.1), however in a complete model there should be strong intrasector interactions which lead to the removal of the symmetric component. Replacing the scalar bath states with Standard Model particles should be straightforward exercise and should realise a simple viable model of AFI. The more ambitious challenge would be to construct a model in the context of a motivated framework of beyond the Standard Model physics (e.g. supersymmetry). Phenomenological studies of specific realisations would also be of interest.
In the models presented, for a sizeable asymmetry to be generated, whilst avoiding sector equilibrium, the couplings typically need to be of order 10 −8±1 . This is intriguing as although these couplings are small it is not infeasible that they might be probed by experiments, see [5, 6] for relevant remarks. Further, supplementing the mediator sector (containing φ) with additional states, which introduce new sources of CP-violation, could provide an interesting variant as it may be possible to enhance the size of . Larger values of would allow for smaller intersector couplings whilst maintaining a suitable asymmetric yield. Additionally, a useful check of our conclusions could be made by using the Closed Time Path formalism, see e.g. [8] , rather than the Boltzmann analysis presented here. We hope to return to these issues in future publications.
A Appendices

A.1 Construction of the Lagrangian
Following [2] , we outline the symmetry structure and field content which gives the Lagrangian studied in Sect. where we omit terms which will not effect the Boltzmann equations. To obtain a simplified setting which contains all of the necessary properties to demonstrate the mechanics of AFI we assume that Φ is heavy and can be integrated out, to obtain the Lagrangian of Sect. The coupling λ = κ 1 κ 2 µ 2 /m 2 Φ in terms of the fundamental couplings.
A.2 Relation for RIS subtraction
Here we prove a relation which we use in Sect. 2:
This is valid for on-shell scatterings between pairs of states ij with final states αβ which are mediated by a single state φ. The partial widths are of the form
For on-shell scatterings the matrix element may be decomposed in the narrow width approximation as follows 
A.3 Magnitude of the CP-violation
In Sect. 2 we stated the magnitude of the CP-violating parameter corresponding to the process of Fig. 1 . In this appendix we shall derive the expression for of given in eq. (2.11) and, subsequently, calculate the form of Re(I * ) in this model. We begin from the definition of the CP-violating parameter .6) 
